Val and Cronan, 1998) ( Figure 1B ). In this reaction, the Here we present the structure of the AHL synthase, EsaI, determined by X-ray crystallography. The strucacyl chain is presented to the AHL synthase as a thioester of the ACP phosphopantetheine prosthetic group, ture, at a resolution of 1.8 Å , provides the basis for the interpretation of past mutagenesis and biochemical which results in nucleophilic attack on the 1-carbonyl carbon by the amine of SAM in the acylation reaction.
results and an understanding of the N-acylation step in AHL synthesis. A model of the enzyme-phosphopanLactonization occurs by nucleophilic attack on the ␥ carbon of SAM by its own carboxylate oxygen to protetheine complex shows novel interactions important for specificity of AHL synthesis through substrate recogduce the homoserine lactone product. The N-acylation reaction, involving an enzyme-acyl-SAM intermediate, nition. The activity and specificity of structure-based mutants, determined from complementary in vivo biois thought to occur first because butyryl-SAM acts as both a substrate and as an inhibitor for the P. aeruginosa logical reporter assays, verify the proposed roles of several residues involved in catalysis or enzyme-substrate AHL synthase, RhlI, to produce C4-AHL (Parsek et al., 1999). A unique aspect of the AHL synthesis mechanism specificity. Furthermore, we demonstrate the ability to alter the product distribution of the AHL synthase by is that the substrates adopt roles that differ quite dramatically from their normal cellular functions. SAM usumaking a single key mutation. This structure reveals the roles of many conserved residues and provides a ally acts as a methyl donor, whereas acyl-ACPs are components of the fatty acid biosynthetic pathway and mechanistic basis for the first step in AHL synthesis. had not been implicated in cell-cell communication until their discovery as acyl chain donors in AHL synthesis Results and Discussion (Moré et al., 1996) . Furthermore, a key step in AHL synthesis is the internal lactonization of SAM, which deEsaI Structure EsaI produces a 3-oxo-hexanoyl-homoserine lactone, mands an unusual cyclic conformation that favors this reaction.
which contributes to the quorum-sensing regulation of pathogenicity in Pantoea stewartii subsp. stewartii AHL synthases from different bacterial species produce AHLs that vary in acyl chain length (from C4 to (Beck von Bodman and Farrand, 1995). EsaI is representative of the AHL synthase family of proteins, having C14) oxidation at the C3 position and saturation (Fuqua and Eberhard, 1999; Kuo et al., 1994) ( Figure 1A ). This 28% identity (42% homology) and 23% identity (43% homology) with the P. aeruginosa AHL synthases LasI variability is a function of the enzyme acyl chain specificity and may also be influenced by the available cellular and RhlI, respectively, and preferentially produces an AHL of intermediate length ( Figure 1A ). The structure of pool of acyl-ACPs (Fray et al., 1999; Fuqua and Eberhard, 1999). More than 40 AHL synthases, similar to the EsaI was determined using X-ray crystallography and is refined at a resolution of 1.8 Å , which is sufficient to archetype LuxI (Fuqua et al., 1994), have been characterized, and they share four blocks of conserved sequence identify many ordered water molecules in the active site. A perrhenate-soaked crystal was used to obtain experi- (Figure 2 ). Within these blocks, there is on average 37% identity with eight residues that are absolutely conmental phases by multiple wavelength anomalous diffraction methods (Table 1) The sequence and topology of the AHL synthase family is compared to the GCN5-related N-acetyltransferases. The gray shaded regions are conserved sequence blocks within each family that constitute the enzyme's "sequence signature." Residues are colored red to indicate acidic or hydrophilic, blue for basic, and orange for other. Shaded residues are absolutely conserved, and the boxed residues are homologous within each family. Residues that comprise the core "phosphopantetheine binding fold" were identified by LSQMAN using a 2.0 Å cutoff and are indicated by black bars above the segments. The Tetrahymena GCN5 residues that contact the pantetheine or acetyl portion of the acetylCoA are indicated by "p" or "a," respectively. ces surround a highly twisted eight-stranded ␤ sheet, ingly, this site features three of the absolutely conserved residues, Arg24, Phe28, and Trp34, which suggests that forming a V-shaped active-site groove (Figures 2 and  3A) . Helices 1 and 2 are relatively disordered in the a conformational change or stabilization of this conserved region will occur when substrates bind. crystal, and the loop between them, residues 16-28, has not been built. This region is highly mobile as indicated To identify the enzyme active site, the relative degree of sequence conservation across the entire AHL synby significantly higher than average B factors. Interest- thase family was mapped on the surface of the EsaI thase active site, unlike enzymes involved in fatty acid biosynthesis. structure ( Figure 3B ). All of the homologous residues lie on the same face of the enzyme and are localized either to an apparent active site cleft or the disordered N termiPhosphopantetheine Binding Fold A close structural relationship with a family of enzymes nus. The conserved residues at the N terminus are hydrophobic or charged, and reside in the block of the AHL unrelated by sequence provides insight into the mechanism of AHL synthesis. The EsaI structure has the same synthase family that has the least sequence variability, supporting earlier proposals that SAM and ACP interact fold as the N-acetyltransferases with greatest similarity to Tetrahymena GCN5 (PDB entry 1QSR) for which a with this region (Hanzelka et al., 1997; Parsek et al., 1997). The remainder of the conserved residues, Asp45, DALI score of 11 is observed (Holm and Sander, 1996). The core fold, defined as the residues that superimpose Asp48, Arg68, Glu97, and Arg100, cluster into a network of ion pairs that stabilize the interaction of the N-terminal to within 2 Å , has an rms deviation of 0.9 Å over the C␣ positions of 71 residues. There is virtually no sequence domain at the coil between ␣2 and ␤2 ( Figure 3C ). Ser99 is a key residue at the center of this cluster and interacts similarity between EsaI and the GCN5-related N-acetyltransferase (GNAT) enzyme family with the exception of directly with Arg68 and a bridging water molecule bound to Glu97. Ser99 is conserved as either serine or threo- portion of the modeled substrate fits neatly into a hydrophobic cavity in EsaI and interacts with conserved regulation of enzyme activity will also be similar.
The observation of a common core fold in EsaI and residues that position it in the proper orientation for catalysis. Ser98, Met126, Thr140, Val142, Met146, and the GNATs redefines the function of this fold on a structural and evolutionary basis as a phosphopantetheine Leu176 line this pocket, which is surrounded by seven well-ordered water molecules (average B factor of 24.1) binding domain. However, the phosphopantetheine binding fold of the GNATs and AHL synthases differs ( Figure 4B ). Numerous other residues within the protein core but not necessarily in direct contact with the hexasignificantly from other enzymes that bind phosphopantetheine, such as phosphopantetheine adenylyltransfernoyl chain direct the size and shape of the cavity through hydrophobic packing, including Phe123, Ser143, ase (Izard and Geerlof, 1999). Although the common N-acylation function of the domain was recognized, disMet146, Ile149, Leu150, Ser153, Trp155, Ile157, and Ala178. The homologous AHL synthase of P. aeruginosa, tinguishing this fold from the phosphopantetheine adenylyltransferases, there was no detectable sequence LasI, produces a significantly longer AHL, 3-oxo-dodecanoyl-homoserine lactone, and when the residues in the similarity or structural relationship prior to the structure determination of EsaI reported here. Interestingly, the cavity of EsaI were modeled as the corresponding residues of LasI in their most favorable energetic conformalack of phosphopantetheine-related sequence conservation among all of these enzymes is due to the finding tions, the binding cavity expanded in length and width (data not shown). This observation suggests that differthat all of the intermolecular hydrogen bonds involve protein main chain atoms. ent length acyl chains may be accommodated by coordinated sequence differences in and near the binding pocket.
Substrate Modeling
AHLs produced by different bacterial species also The high degree of structural similarity between the vary in the degree of oxidation at the AHL C3 position.
GNATs and AHL synthases permitted the modeling of
The preference for unsubstituted-, 3-oxo-, or 3-hydroxythe 3-oxo-hexanoyl phosphopantetheine of acyl-ACP acyl-ACPs is thought to be due to the intrinsic selectivity into the active site of EsaI (Figures 4A and 4B) . In both of the AHL synthase for a particular subset of a pool of acyl-ACP and acetyl-CoA, the terminal thiol of phosphoavailable acyl-ACP substrates. For example, the AHL pantetheine forms a thioester bond to either a variable synthase, LasI, produces predominantly 3-oxo-C12-length acyl chain or an acetyl group. Holo-and acyl-AHL, whereas RhlI produces an unsubstituted C4-AHL ACP carry phosphopantetheine via a phosphodiester from the same cellular pool of acyl-ACPs. We examined bond to the hydroxyl oxygen atom of Ser36. In acetylthe structural basis for the preference of EsaI for 3-oxoCoA, however, phosphopantetheine forms a pyrophossubstituted acyl-ACP substrates and found that there phate linkage to the 5 Ј phosphate of adenosine 3 4B ). Charge stabilization of the substrate in the modeled complex will occur from positively charged residues that Enzyme Activity and Substrate Specificity We confirmed the contributions of individual residues line this surface of EsaI and from Lys105, which folds over the top of the phosphate group of the modeled to enzyme activity predicted by the EsaI-acyl-phosphopantetheine model using biological assays. Site-specific substrate. Hydrophobic interactions stabilize the acylphosphopantetheine carbon chain near Leu118, Ser119, mutations in the esaI gene altering these and other important residues were evaluated by a TLC bioassay usand Met146 of EsaI. There is a "␤ bulge" distortion in ␤ strand 4 at residues 99 and 100, due in part to hydrophoing the Agrobacterium tumefaciens and Chromobacterium violaceum bioreporter systems (Cha et al., 1998; bic packing interactions of Val103, which positions Val103 to form a critical hydrogen bond between the McClean et al., 1997). The wild-type enzyme produces primarily the 3-oxo-C6 AHL and lesser amounts of the backbone amide and the carbonyl at position 5 of phosphopantetheine. The Phe101 side chain is similarly 3-oxo-C8 and 3-oxo-12 AHLs ( Figure 5A ). The Chromobacterium bioassay, which is more specific for detecting packed toward the hydrophobic core, positioning its carbonyl as a hydrogen bond acceptor for the N3 of the alkanoyl-AHL species, indicates that native EsaI produce small amounts of C6-AHL and C8-AHL ( Figure 5B ). phosphopantetheine. The ␤ bulge also places the backbone amides of residues 100 and 101 within hydrogen Residues Asp45 and Glu97 were expected to affect enzymatic activity based on their conservation and previbonding distance of the acyl C1 carbonyl oxygen that will form an oxyanion during the acylation reaction. ous studies (Hanzelka et al., 1997; Parsek et al., 1997). As predicted, the substitution D45N greatly impairs the AHLs vary greatly in acyl chain length from the C4-AHL, produced by P. aeruginosa RhlI, to the 7-cis-C14-enzymatic activity of EsaI with no AHLs detected in either bioassay, and the E97Q substitution dramatically AHL, produced by Rhodobacter sphaeroides CerI impacts enzymatic function yielding only minor amounts the T140A substitution, which was predicted to influence the preference for substrates oxidized at the C3 position, of 3-oxo-C6 AHL ( Figure 5A ). The EsaI-phosphopantetheine model also predicts that Ser99 plays an important produced an active enzyme with altered substrate specificity. T140A exhibited reduced synthesis of the 3-oxorole in the acylation reaction. This is confirmed by the residue substitution S99A that results in a reduction of AHLs ( Figure 5A ) and increased synthesis of alkanoyl-C6 AHL ( Figure 5B) . EsaI, LasI, and LuxI all have a conactivity that is equivalent to the most deleterious EsaI mutations. That these mutants are catalytically deficient served threonine at this position and preferentially react with 3-oxo-acyl ACPs to produce 3-oxo-AHLs. Rhizosuggests that the electrostatic cluster of conserved charged residues is important either for catalysis or bium leguminosarum CinI has a serine at this position and produces N-(3-hydroxy-7-cis-tetradecenoyl)-Lstructural integrity of the active site.
Mutations designed by analysis of the model conhomoserine lactone (Lithgow et al., 2000) . RhlI, CerI, SwrI, and AsaI are examples of AHL synthases that preffirmed the location of the acyl chain binding region of the active site and the mechanism of specificity for C3-erentially produce AHLs that lack a 3-oxo or 3-hydroxy moiety (Fuqua and Eberhard, 1999), and these invariably substituted acyl-ACP. Among the mutations designed to alter the chain-length specificity of EsaI, F123M, which have either alanine or glycine at the position equivalent to T140 in EsaI. This analysis reveals that the identity would increase the size of the acyl chain cavity, had no appreciable effect on either enzyme activity or substrate of the residue at position 140 accounts in part for the different C3 substitutions in AHLs produced by AHL specificity, whereas the T140V substitution, which would decrease access to the cavity, produced a catasynthases of different bacterial species. In contrast, acyl chain length selectivity is more complex, requiring a lytically compromised enzyme ( Figure 5A ). In contrast, The precise identity of the catalytic base in the EsaI structure is not obvious. Evidence from studies with AANAT suggest that the catalytic base may be a water molecule that is aided by a "proton wire" comprised of eight water molecules, the ␤ bulge carbonyl oxygens, and residues His120 and His122 (Hickman et al., 1999a) acting as an electrostatic sink. The catalytic base in GCN5 was determined to be Glu120 (Tanner et al., 1999) . In EsaI, Ser99 is in the same position as His122 in AANAT, which was shown to be important in proton abstraction from the protonated amine by stabilizing the putative hydronium ion. Ser99 is essential for catalysis in EsaI (Figure 5) . The side chain Ser99 points into the ion pair cluster away from the acyl-carbonyl, but even a very minor conformational change could position the Ser99 hydroxyl to face toward the acyl chain, allowing it to hydrogen bond with the waters present in the active site groove. An alternative catalytic base, EsaI Glu97, adopts the same position as the Glu120 in GCN5 and His120 in AANAT, and a network of well-ordered water molecules, or proton wire, connects the substrate model for direct interaction with Glu97. However, Glu97 may act directly as the catalytic base if there is a conformational change that would bring the amine of SAM in larger number of sequence changes and possibly also close proximity. Thus, the mechanism of acylation in structural changes to accommodate acyl-ACPs of differ-AHL synthesis is likely to be similar to that observed for ent acyl chain lengths. N-acetylation by two different subfamilies of enzymes of the GNAT family.
Proposed Mechanism of Acylation
The acetylation mechanism of AANAT and GCN5 The structural and mechanistic similarities between the sheds light on the molecular basis for ordered substrate AHL synthases and the GNATs suggest an enzymatic binding. The apo-EsaI structure exists in an "open conmechanism for the AHL synthases ( Figure 4C ). The formation" with an exposed deep cavity that can easily V-shaped clefts formed by the separation of strands ␤4 accommodate the acyl-phosphopantetheine-chain of and ␤5 positions the surface side chains to surround acyl-ACP without requiring any major conformational the phosphopantetheine in nearly the same way for the change. However, the unstructured wing of the enzyme modeled EsaI complex as for AANAT and GCN5 (Figure and the conserved residues that lie in this region argue 3A). The mechanism of acylation in the GNATs requires for a conformational change upon acyl-ACP and/or SAM a catalytic base to abstract a proton from the amine binding that would alter the detailed structure of the nitrogen so that nucleophilic attack can occur on the catalytic core and possibly reorient the active site Ser99. C1 carbonyl carbon of acetyl-CoA. This is accomplished
The loop between ␣1 and ␣2 contains three absolutely by a unique active-site structure. In the GNATs, a conconserved residues and exists in the native protein as a served ␤ bulge, which occurs at Leu121 and His122 in highly flexible region. This region is the most structurally AANAT (Hickman et al., 1999a, 1999b) 
